Context. Stellar variability, at a variety of timescales, can strongly affect the ability to detect exoplanets, in particular when using radial velocity (RV) techniques. Accurately characterized solar variations are precious in this context to study the impact of stellar variations on planet detectability. Here we focus on the impact of small timescale variability. Aims. The objective of this paper is to model realistic RV time series due to granulation and supergranulation and to study in greater detail the impact of granulation and supergranulation on RV times series in the solar case. Methods. We have simulated a collection of granules and supergranules evolving in time to reproduce solar photometric and RV time series. Synthetic time series are built over the full hemisphere over one solar cycle. Results. We obtain intensity and RV rms due to solar granulation of respectively 0.8 m/s and 67 ppm, with a strong variability at timescales up to more than 1 h. The rms RV due to supergranulation is between 0.28 and 1.12 m/s. Conclusions. To minimize the effect of granulation, the best strategy is to split the observing time during the night into several periods instead of observing over a consecutive duration. However, the best strategy depends on the precise nature of the signal. The granulation RV remains large after even an hour of smoothing (about 0.4 m/s) while the supergranulation signal cannot be significantly reduced on such timescales: a reduction of a factor 2 in rms RV can for example be obtained over 7 nights (with 26 min/night). The activity RV variability dominates at larger timescales. Detection limits can easily be as high as 1 M Earth or above for periods of tens or hundreds of days. The impact on detection limits is therefore important and may prevent the detection of 1 M Earth planets for long orbital periods, while the impact is much smaller at small orbital periods. These results do not take the presence of pulsations into account.
Introduction
Stellar variability, at a variety of timescales, can strongly affect our ability to detect exoplanets. A systematic analysis of the radial velocity (RV) produced by active regions in the solar case has been done by Lagrange et al. (2010) and Meunier et al. (2010a) . In these works, typical variability at timescales from one day to the cycle length has been studied. Three contributions to the RV variability have been considered: the spot intensity contrast, which affects the stellar RVs as the spot crosses the visible disk; the same process for bright plages; and the attenuation of the convective blueshift in active regions (plages being the dominant factor). We have shown that the resulting RV variations were strongly dominated by the third contribution, with timescales from the rotational period to the solar cycle length. The impact of the magnetic activity pattern on astrometry has also been estimated (Makarov et al. 2010; Lagrange et al. 2011 ).
Both RV and transit measurements are also affected by small-scale variability (minutes to hours). This has been studied for example by Aigrain et al. (2004) , who derived photometric light curves, and by Dumusque et al. (2011b) , who derived RV time series due to granulation or larger scale processes (supergranulation and the so-called mesogranulation) using the simple laws obtained by Harvey (1984) and later by Palle et al. (1995) . The law for each component is, however, not very well constrained by the fits of observations. For example, Palle et al. (1995) show that the flat part of the solar RV spectrum due to granulation at low frequencies is much smaller than other contributions (supergranulation, activity) and is therefore not well constrained. Palle et al. (1995) have fitted four components (granulation, mesogranulation, supergranulation, and active regions) using the same law, but they observed that it was difficult to fit the timescale parameters and have therefore fixed them to the values derived by Harvey (1984) . Because they fit the power spectrum with four components whose dependence on the frequency is fixed, it is mandatory to fit all four components with a significant amplitude otherwise there would be a gap, but it does not mean that these components are well fitted. Lefebvre et al. (2008) have succeeded in fitting the photometric data obtained by GOLF/SoHO without the mesogranulation component. Furthermore, the very existence of mesogranulation has long been questioned (Straus et al. 1992; Rieutord et al. 2000) . More recently, a number of works suggest that mesogranular scales are unlikely to be a true convective scale, the energy being injected at another scale (e.g., Yelles Chaouche et al. 2011; Berrilli et al. 2013) . Nonetheless, it is possible that mesogranular flows are the consequence of a largescale organization of granules (Roudier et al. 2009 ). Whether Harvey's laws are adapted to mesogranulation is therefore not proved.
Several issues remain to be investigated: what is the contribution of granulation at larger timescales? Is the power spectrum flat, as expected from this description, or not? How would a time series derived from more precise properties of granules affect the sampling issues such as those discussed by Dumusque et al. (2011b) ? What is the true contribution of supergranules, which is fitted by Palle et al. (1995) with a large power (rms RV of 1.9 m/s)?
We know that the law derived by Palle et al. (1995) can be reproduced with a simple simulation of a collection of a large number of cells with a typical size and lifetime, but it is important to take all parameters into account to simulate the produced RV or photometry and check whether the law is still valid at all timescales. Furthermore, such a law does not apply to activity.
It is therefore necessary to realistically model time series due to granulation and possibly to other contributions using a different approach in order to understand the true nature of the signal. Seleznyov et al. (2011) have simulated photometric time series due to granulation by considering a collection of granules evolving in time and by studying the resulting power spectrum. In this work, we follow a similar approach; we simulate photometric and RV variations due to a collection of cells. Contrary to the work of Seleznyov et al. (2011) , however, we do not consider a fixed number of granules, but a fixed surface covered by the granules, because it allows us to consider the proper number of granules. We also take projection effects into account, which is necessary when dealing with RV, and simulate a full hemisphere, hence our simulation is more realistic. Our approach is complementary to that developed by Cegla et al. (2013) who reproduced spectra from different components in granules. It should also be noted that regarding granulation, although the root mean square (rms) RV and rms intensity I may be correlated (Cegla et al. 2014) , such a correlation may be complex ; moreover, the two time series themselves are uncorrelated (see Sect. 3.2.1 for a discussion), therefore the photometric time series cannot be used to correct the RV time series due to granulation for example 1 . Our approach is described in Sect. 2. We analyze our results in Sect. 3; we estimate the actual contribution of granulation at various temporal scales and the consequences on the analysis of RV time series when searching for exoplanets. Furthermore, we extend this work to the estimation of the contribution of supergranulation in Sect. 4. In Sect. 5 we use the simulation of Borgniet et al. (2015) to study the sum of the three contributions: granulation, supergranulation, and magnetic activity on RV and photometry, and discuss the contribution of mesoscale flows. Finally, the impact on planet detectability is studied in Sect. 6 using detection limits. We conclude in Sect. 7. 1 When considering a collection of stars, the rms RV and I tend to be correlated (Aigrain et al. 2012; Haywood et al. 2014; Cegla et al. 2014) because large granules tend to produce larger velocity and have a larger contrast in intensity. However, for a given star we find that the time series of RV and I due to granulation are not correlated with each other, while the relationship between the two in the case of magnetic activity may make it possible to correct for the activity components (Aigrain et al. 2012; Haywood et al. 2014 ).
Description of the granulation simulation

Principle
We simulate a collection of granules spread over one solar hemisphere. Each of these granules is created by several processes with an initial size: granules are born either by appearance, from the merging of two nearby granules, or from a preexisting granule splitting into two parts. They then evolve in size with time, and finally either split into two granules, merge with a nearby granule, or disappear when their age has reached their lifetime. The total area covered by all granules at any time is equal to the hemisphere surface, i.e., we impose a fixed surface and not a fixed number of granules. Each granule is given a specific location on the surface. The star is considered to be non-rotating 2 , the lifetime of a granule being more than three orders of magnitude smaller than the rotation period. Finally, each granule is assigned a RV and an intensity (described in Sects. 2.4.1 and 2.4.2, respectively) according to its size and position (projection effects), which corresponds to the contribution of that granule to the integrated RV and intensity respectively. This allows us to build time series of RV and intensity variations due to granules.
At each time step, two situations are possible for each granule in the collection. If its current lifetime is lower than its attributed lifetime (described in Sect. 2.2.2), then its size evolved following the rule described in Sect. 2.2.1. If it has reached its theoretical lifetime, it will either disappear, merge with another granule, or split into two new granules (to which new properties will be assigned depending on the size of the fragments) as described in Sect. 2.2.3. This is done for all granules at each time step. A summary of the algorithm is presented in Sect. 2.3.
In the rest of this paper we assume that granular cells combined with intergranular lanes form the granules.
Physical parameters
Size parameters and size evolution
We use the size distribution observed by Roudier & Muller (1987) . This distribution follows an exponential law, with a typical spatial scale of 1 Mm. We impose minimum and maximum sizes of 0.016 and 6.6 Mm 2 , respectively. This is also compatible with the results of Hirzberger et al. (1999) and Beeck et al. (2013) . This distribution is shown in Fig. 1 .
Granules are known to evolve during their lifetime. As in Seleznyov et al. (2011) , who used the decay observed by Hirzberger et al. (1999) , we take this evolution into account. We consider that granules below a typical size of 0.76 Mm 2 linearly decrease in size during their lifetime while those that are larger linearly increase in size. The decay is chosen to linearly depend on the size, with a maximum value of 0.0145 Mm 2 /min; this value is smaller than the one used by Seleznyov et al. (2011) as large values lead to unrealistic size distributions. Hirzberger et al. (1999) have also shown that the lifetime depends on the size of granules. In this simulation we chose to 2 As stellar rotation broadens observed line profiles, the resulting RV may differ slightly from one star to the other depending on the rotation rate, an effect which cannot be taken into account in our simulation. The timescale of supergranulation, considered in Sect. 4, is also larger than for granulation. attribute a lifetime to each granule according to its size following the law of Hirzberger et al. (1999) , and to check afterward that the resulting distribution was indeed close to an exponential law with the proper timescale. The minimum lifetime considered is τ min = 1 min and the maximum lifetime τ max = 30 min. Because the published values (Hirzberger et al. 1999) provide mean sizes versus the lifetime without any precise value of the dispersion, we had to adapt these published values for our simulation. For sizes S below 2.4 Mm 2 , the lifetime follows the law τ = 1.5 + 4.375S to which a dispersion following a normal law with sigma = 2 τ/τ max minutes is added (corresponding to a dispersion of 0.07 min at τ min and of 2 min at τ max ). For sizes S above 2.4 Mm 2 , the lifetime follows the law τ = 11.92 + 0.033S , to which a dispersion similar to the previous case is added, with the constraint that they must lie between the minimum and maximum values.
Lifetime parameters
Birth and death of granules
Most granules appear from the splitting of a previsouly existing granule or from the merging of existing granules as shown by the observations of e.g. Oda (1984) and Hirzberger et al. (1999) . Similarly, most observed granules also die either by splitting or by merging with other granules. The percentage of granules appearing or disappearing is small. It should be noted that there is no direct correspondence between the amount of birth by merging and the amount of death by merging because the splitting process can lead to more than two granules and merging can be done between more than two granules as well, but the proportions of the different configurations are not necessarily symmetric. In this paper, we consider merging between two granules only and fragmenting into two granules only, therefore our percentages are slightly different but still representative of observed granules.
Furthermore, Hirzberger et al. (1999) have shown that the birth and death processes depend on the size: small granules tend to be born by splitting while large granules result from merging. Similarly, small granules tend to die by merging while the largest ones die by splitting. This, as discussed for the size evolution of granules, also adds a significant complexity to the simulation if one wishes to reproduce the observed size and lifetime distribution. It is also time consuming: for each granule dying by merging, we need to search for the closest granule disappearing at the same time also by merging. In this paper we consider that granules below 0.76 Mm 2 would most likely merge and that they would most likely fragment when larger. The transition between the two regimes is smoothed, typically over 2 Mm 2 , to avoid steps in the final distributions. At each time step, the list of granules at the end of their life is identified. Out of these, a percentage of granules (21%) is chosen to disappear directly, independent of their size (Hirzberger et al. 1999 ). The others follow the splitting/merging process. For the merging, the closest granules are considered, providing the sum of their two sizes is smaller than the maximum granule size. The birth of granules by merging and fragmenting is controlled by the death of previous granules. When a granule appears directly, its size is chosen so that the global distribution at this time step is as close as possible to the input distribution.
Summary: algorithm
The algorithm that creates granules can be summarized as follows:
-Initialization. Granules are generated using the prescribed size distribution until they cover the full hemisphere (or prescribed surface for the small field-of-view simulations). Size-dependent properties are assigned to each of the n granules as they are created: lifetime, position on the disk, RV, intensity. -Loop over the time steps.
1. Loop over the n granules: Size modification according to their size. 2. Loop over the n granules: If their age has reached their expected lifetime, attribution of a status: disappearance, splitting, merging.
-In the case of disappearance: the granule is eliminated from the list of granules. -In the case of splitting: the size of the two new granules is determined (each size being a fraction of the original granule size) as well as their new positions and properties (lifetime, RV, intensity). -In the case of merging: when the simulation covers the full hemisphere, large cells paving the whole surface are identified so that granules are grouped with other merging granules that are not far from each other to speed up the identification of granules merging with each other. For each of these cells, a loop over the merging granules is made: for each granule that has not already merged, the closest granule is identified and they merge. New properties (position, RV, intensity) are attributed to the new granule, whose size is the sum of their two parents' sizes. 3. Update of the granule list and number n and computation of the surface coverage. 4. Addition of new granules until the hemisphere is completely covered. As in the initialization step, they are generated using the prescribed size distribution, but the procedure takes the size distribution of existing granules into account so that the total size distribution at each step follows as closely as possible the prescribed size distribution. 5. Computation of RV and intensity for each granule at this time step (see next section). In this section, we identify granules on maps produced by a hydrodynamical (HD) simulation (horizontal and vertical velocities, intensities) and derive their properties, which are used as inputs to our simulation. The RV contribution of granules is due to both horizontal and vertical velocity fields. Depending on the granule position on the disk, they contribute differently. The velocity is weighted with the local intensity. The vertical velocities result from the contributions of the velocity in the granular cells (upward flows) and in intergranular lanes (downward flows), of opposite signs. We used the convection simulation described in Rieutord et al. (2002) to extract granule contours and their velocity properties (Fig. 2) . Two hundred maps of the velocity field (in the three directions) and intensity produced with a time step of 20 s were used for that purpose. Each image covers a field of view of 30 Mm × 30 Mm. We describe in Appendix A how the velocity properties of granules, shown in Fig. 3 , are extracted. HD simulations do not include the effect of magnetic fields on the velocity fields, therefore the present parameters do not take the presence of magnetic fields into account even in the quiet Sun. The variation of the RV due to granulation affecting activity during the cycle is explored in Sect. 5.1.1.
Intensity parameters
Hirzberger et al. (1997) derived laws describing the evolution of the intensity inside granular cells and intergranular lanes, defined respectively as parts of the cell with intensity above and below average. We therefore extract the size of the intergranular lanes versus the granule size from the convection simulation. For each granule in our simulation, we first compute the area corresponding to the granular cell and the area corresponding to the intergranular lane using the law describing the half width of the intergranules δ = 0.22 + 0.02S for granules larger than 0.16 Mm 2 , otherwise δ is chosen to be equal to the radius of the granular cell. We then attribute an intensity to each area according to Hirzberger et al. (1997) . The intensity in an intergranular lane pixel is equal to 0.98 to which a random dispersion following a normal law is added, with a dispersion of 0.1(1 − S /S max ). The intensity in a granular cell pixel is a size-dependant intensity to which a random dispersion following a normal law is added, with a dispersion of 0.2(1 − S /S max ). The size dependent intensity is chosen to be 1.03 for diameters d larger than 1.45 Mm and 0.95+0.055d for smaller cells. The two intensities are then weighted by the area covered by the bright (in granular cells) and dark areas (in intergranular lanes), to provide an intensity for that granule. A ponderation with a limbdarkening function is used in the full-disk simulations (Sect. 3.2 and later). As in Borgniet et al. (2015) we used the non-linear limb-darkening law from Claret & Hauschildt (2003) , where the limb-darkening coefficients are the bolometric coefficients taken from ATLAS models (see Claret & Hauschildt 2003) .
Simulation parameters
The time step must be small enough to produce realistic time series, hence it must be lower than the granule minimum lifetime. We found that a time step of 30 s gave good results (i.e., no artifact in the lifetime distribution). We have also compared these values with smaller time steps, 5 and 1 s, with almost no difference (see Sect. 3.1.1).
With such a small time step, long time-series simulations are time consuming. We have therefore performed two types of simulations:
-Small field-of-view simulations: we performed several simulations covering the small field of view (30 Mm × 30 Mm) used in the convection simulation of Rieutord et al. (2002) for two purposes. First, we wish to estimate the impact of the projection effects and of some parameters on the results, and to compare different realizations. Second, we wish to make a comparison with the full convection simulation, covering 8 h with a few gaps. These simulations are analyzed in Sect. 3.1. -Full-disk simulations: we also performed simulations over the full hemisphere, corresponding to realistic conditions of stars. These simulations are analyzed in Sect. 3.2.
Granulation induced time series
3.1. Small field-of-view simulations
Time series analysis
In this section, we study time series obtained for the small field of view over a 69-day period (200 000 time steps of 30 s). Figure 4 shows the size and lifetime distributions for a single realization of the time series. The size distribution shows a small deficit of very small granules compared to the exponential law, but as is seen in the next section the impact of this on the final RV is not significant. The final distribution corresponds to a size slightly larger than the typical size of 1.01 Mm 2 corresponding to the input size distribution because of the evolution of granules. We find that the lifetime distribution corresponds to a typical lifetime of about three minutes. This is smaller than the six-minute lifetimes of Hirzberger et al. (1999) , but it is not far from the results of Title et al. (1989) who obtained a typical lifetime of 2.53 min and from the results from the simulation of Beeck et al. (2013) with lifetimes between 2.6 and 4.1 min for example. The contribution of small granules from observations is very dependent on the quality of the observations. The impact of the size and lifetime distribution is discussed in the next section. The rms RV is 17.7 m/s and the rms I is 3125 ppm. Given the surface covered by the small field of view compared to the whole hemisphere, we could extrapolate that the full-disk rms RV should be on the order of 0.3 m/s. However, this final Ten realizations of such time series have been performed. The power spectrum of these time series is shown in Fig. 5 (upper panel) , showing that the impact of the dispersion on the power versus frequency is small at large frequencies. At low frequencies, the impact is naturally larger (the smoothing 3 is made on a few points), but we note that these test simulations are performed over a short period of time. Figure 5 also shows two examples of unsmoothed power spectra, illustrating that the peaks that are visible in a given power spectrum are not indicative of a significant power at these precise periods, but instead are due to the specific realization.
Impact of projection effects
In a second step, we considered different positions of the small field of view on the disk to study the impact of projection effects. We note that the field of view always contains the same number of granules, but its projected surface becomes smaller as the angle α with the line of sight increases (α = 0 at disk center). Again, for each position, ten realizations are performed. The rms RV for each time series are shown in Fig. 6 . The rms RV significantly increases toward the edge, suggesting that the rms RV for the full disk would be larger than the 0.3 m/s derived above. This increase occurs because the horizontal velocity amplitude in a granule is larger than the vertical velocities and because at the limb the line-of-sight velocities are dominated by the horizontal flows. Depending on α, the rms over the ten realizations is between 0.1 and 0.3 m/s. The impact of the projection effect on the intensity time series is, on the contrary, very small (and within the variation from one time series to the next), justifying the approximation made by Seleznyov et al. (2011) for this parameter, while it is crucial for a realistic RV simulation.
Impact of the different parameters
In this section, we test the impact of several of our parameters on the rms and power spectra. We also investigate the impact of the time step used in the simulation. A zoom on our reference simulation is shown in Fig. 8 and is compared with a simulation made with a fivesecond time step. The variations are different since they correspond to different realizations of the granules, but we find that the variations are similar, and that the rms below 30 s is quite small. The rms RV are similar. Figure 9 shows the smoothed power spectra corresponding to these two simulations. For comparison purposes, we also interpolated the first series to get 5-s time steps and we extracted a 30-s time-step series from the 5-s time-step simulation. We find that the power spectra are very similar. The power obtained for the full 5-s time series is slightly lower than the other; when including more points at high frequency with lower level, the normalization of the power due to the Parseval's Theorem becomes slightly different, as the sum of the power multiplied by the frequency bin is equal to the variance of the signal (which is constant). This shows that we can safely interpolate the 30-s time-step series to smaller time steps if necessary.
We now consider the evolution of the granules. In this paper, we took the merging and fragmenting of granules into account as well as their size evolution during their lifetime. The impact of this assumption is shown in Table 1 . We find that the impact on the rms RV is very small, although there is a trend for slightly smaller rms RV when these effects are removed. Furthermore, removing the fragmenting and merging processes leads to a relatively larger rms at 1 h and 1 day, so this effect does not add any significant power at long timescales due to memory effects. Overall, these effects are very small. A comparison is also made with a white noise time series with similar rms, showing that the power at long timescales is significantly above what would be expected from white noise.
In Table 2 , we summarize the impact of several granule properties on the results. We show that the assumption made in 2.4.1 for the vertical velocities in small granules is fully justified as the impact is very small (simulation 2). When increasing the size or the lifetime of granules, the rms are not modified significantly; however, the power at lower frequency (for example at 1 h or 1 day) increases.
Comparison with the convection simulation
In this section, we compare the RV time series obtained for the small field of view at disk center with that derived from the Notes. Rms RV are computed at disk center for different parameters. S lim indicates the minimum size above which the rmsV v is considered to be constant (see discussion in Sect. 2.4.1). λ S characterizes the size distribution of granules: when multiplied by two, granules are on average twice as large, but their lifetime follows the same law versus S as in the default simulation. Similarly, τ indicates that the lifetimes are the default value or multiplied by 2. Finally, the size distribution is either the default value or truncated at small sizes (see Sect. 3.1.4 for discussion). The rms RV are computed as in Table 1. convection simulation made by Rieutord et al. (2002) . We used the full time series of the convection simulation, covering a little more than eight hours, with a few gaps. Our small field-of-view simulation has been obtained with 20-s time steps for a more direct comparison. The results are shown in Fig. 10 . The rms RV is smaller in the convection simulation (11.3 m/s) than in our simulation (16.8 m/s) by about one-third. The uncertainties on our rms RV due to the realization are much smaller than this difference (about 0.1 m/s, see Sect. 3.1.1). It should also be noted that part of the convection simulation signal is also due to oscillations, which are not filtered out, so that the contribution of granules might be slightly smaller. We note that the oscillations should not significantly affect our choice of parameters because they are filtered out in Appendix A where we derive the velocities from the HD simulation. Finally, the size distribution is slightly different in both cases, but as is shown in Sect. 3.1.3, the contribution of small granules to the total power is small. Table 2 shows the results of a test in which we have truncated the size distribution below 0.5 Mm 2 by imposing a constant number of granules below that size: we found a very small impact. The difference in amplitude could be due to the HD simulation not being as turbulent as the true Sun.
Full-disk time series and periodograms
Time series
We have implemented a simulation of granules covering a full hemisphere over 12.5 years (to match solar cycle 23 and to be able to use the activity simulation over the same period), with time step of 30 s. We note that the properties derived from the HD simulation do not take the impact of magnetic field on granulation into account, but see Sect. 5.1.1 for a discussion. The resulting rms RV over the time series is 0.80 m/s and the rms photometry is 67 ppm. As pointed out in the introduction, our two time series in RV and photometry are uncorrelated. This seems to be different from what has been obtained by Cegla et al. (2015) using a completely different approach. Our interpretation is that with a realistic simulation involving on the order of 10 6 granules, although larger granules tend to have larger velocity fields and intensity contrasts, such a relationship between granule size and velocity and photometry properties is noisy: the sum of the contributions from all those granules therefore destroys any such correlation. Figure 11 shows a zoom on this RV time series for a 1-day and 1-h period, respectively (two upper panels). We observe zooms over similar simulations performed with smaller time steps. Our 30-s time step is indeed smaller than granule lifetimes, but not by a large factor: these two simulations therefore allow us to check the impact of this choice. The difference in rms RV and photometry is very small, on the order of 0.01-0.02 m/s and 1 ppm, respectively. The results for the three time steps are shown in Table 3 .
We have also computed the RV time series for the different categories of granules. Granules smaller than 0.5 Mm 2 (covering 5.4% of the surface) only contribute to 2.4% of the variance. Granules in the range 0.5-1.5 Mm 2 (covering 29.4% of the surface) contribute to 28% of the variance. Granules larger than 1.5 Mm 2 (covering 65.2% of the surface) contribute to 69.6% of the variance; therefore, there is a real effect of size: large granules contribute more than small granules. Twothirds of the variation is due to granules larger than 1.5 Mm 2 . The uncertainties discussed in Appendix A for small granule properties therefore have a very small impact on the global time series. The power spectra for the different categories are shown in Fig. 7 .
Power spectra
The periodograms for the RV are shown in Fig. 12 . Before smoothing, there is a very large dispersion in power at all scales, the position of the numerous peak depending on the realization. Figure 12 also shows a smoothed periodogram. The smoothed curves can be fitted with a function similar to that used by Harvey (1984) and Palle et al. (1995) ,
with τ the timescale and σ related to the amplitude. A fit of the timescale gives 441 s (very similar to photometry), i.e., about 7.3 min, which is slightly smaller than the 472 s derived by Harvey (1984) and used by Palle et al. (1995) , but on the same order of magnitude. The amplitude closely matches the amplitude observed by Palle 1995. The power starts to decrease at a few 10 −4 Hz, which is compatible with Seleznyov et al. (2011) , who found ∼200 μHz for a 5.2 min granule lifetime. These results show that our approach is consistent with previous works.
Sampling issues: global dependence
The rms RV over the whole time span is 0.80 m/s, which is large compared to the instrumental noise expected from future instruments (below 0.1 m/s). It is therefore interesting to study how this rms decreases as the time series are smoothed out. We proceed as follows:
-For a given timescale, we smooth the time series using a running mean. -We compute the rms RV of this smoothed time series.
-We compute the residuals (RV times series minus the smoothed time series) and their rms RV for that scale: this shows the rms RV due to the signal at periods smaller than the considered scale. Figure 13 shows the results for granulation. With a 1-h smoothing, the rms RV is still ∼0.4 m/s (which is a much slower decrease than would be observed for white noise): this is comparable to the noise of current instruments or slightly below, but it is significantly higher than the noise of future instruments (0.1 m/s or less). It would require more than one night to reach a level of 0.1 m/s. This result also shows that averaging the RV signal due to granulation over timescales on the order of the cell lifetime (5-10 min) is not sufficient to decrease the rms significantly, as the rms RV decreases from 0.8 to 0.7 m/s in ten minutes: it is necessary to average the RV over a much longer timescale to observe a significant reduction of the rms RV. Dumusque et al. (2011b) claimed that averaging granulation over 30 min averages out 4 : our results show that at this timescale, the rms RV is still on the order of 0.5 m/s for granulation alone.
Short-term temporal sampling and observing strategy
Since it is difficult to average out granulation, it is important to study the best observational strategy. Such an attempt has been performed by Dumusque et al. (2011b) for a simulation of several stars, using laws such as Harvey (1984) for granulation, mesogranulation, and supergranulation. Here, we consider a given observing time available during each 10-h night. This observing time is spread over the night in n observing periods (n between 1 and 5), providing an exposure time equal to the observing time divided by n.
The computations are made for a 1-year time series extracted from the whole time series and the results are shown in Fig. 13 . Each curve in the middle panel corresponds to one strategy (i.e., a value of n). The best strategy is obtained when the observing time is spread over five observing periods, while the worst result is obtained for two observing periods. This is mostly true when little observing time is available: the trend for longer observing times is that the rms RV are very close to each other for the different strategies. After a 1-h averaging, the rms RV are, for example, in the range 0.3-0.4 m/s. They reach values below 0.2 m/s after at least eight hours of averaging.
We have also considered the case in which only a fraction of the given observing time is available (duty cycle) with measurements taken at random times during each observing period. The impact is very small, down to the 14% efficiency tested here: the dominant factor is therefore the duration of the observation over which the RV is averaged.
Finally, we consider the averaging over several nights. The result is shown in the lower panel of Fig. 13 in the case of 26 min of observing time per night. The trends are similar, with a rms RV reaching values below 0.1 m/s for the best strategy after a 6-night average. The best results are also obtained for a large number of observations during the night.
Supergranulation induced simulated time series
In this section, we perform a similar simulation for supergranules, as their contribution might be comparable to that of granules, although on different typical timescales. They last longer (typically 1.8 days instead of a few minutes), their size is much larger but they have much smaller velocity fields (hundreds of m/s instead of a few km s −1 , but see the review of Rieutord & Rincon 2010).
Simulation parameters
The principle and algorithm of the simulation are similar to the granule simulation described in Sect. 2, i.e., we consider a collection of supergranules covering all of the visible hemisphere. Each supergranule contributes to the total RV and intensity. We adapt the parameters as follows:
-Size distribution. Several authors have derived the size distribution of supergranules (Srikanth et al. 2000; Meunier et al. 2007c ). Here we use the size distribution of Meunier et al. (2007c) flows inside a given supergranule to the total RV is unfortunately not well constrained in the literature. Meunier et al. (2007c) showed that the rms inside a cell was larger for the largest cells, with a typical amplitude of ∼33 m/s for the largest cells, and ∼6 m/s for the smallest. They have also estimated the typical radial (horizontal) flows inside a cell (average horizontal velocity versus the position in the cell) and found typical velocities of about 200 m/s, with larger velocities for the largest cells. For our simulation we want to know the horizontal velocity (in one direction) averaged over the cell as a function of the size. One way to estimate at least an order of magnitude would be to scale the supergranule behavior from the granule laws. This is risky because, for example, the rms velocity inside a granule is about two times smaller than the typical horizontal flow, while in supergranules it is one order of magnitude smaller. Keeping this in mind, such a scaling based on the horizontal velocities rms provides 6 m/s for the largest cells and 31 m/s for the smallest cells. A scaling based on the typical horizontal velocities gives values that are four times larger. The uncertainty is therefore very large (a factor of 4 on the amplitude).
In this paper we build simulations using the lower bound values and provide the upper limit by multiplying the RV by 4. We expect the true values to be between these two extrema. -Vertical velocities. Vertical velocities in supergranules are much weaker than horizontal flows. We scale them to the horizontal flows according to Hathaway et al. (2002) . The ratio between the two components depends on the size. We use the ratio 10 −0.5−0.373LogR .
-Intensities. Meunier et al. (2007b) have shown that intensity variations inside supergranules, after eliminating the magnetic field contribution, is small and corresponds to a temperature variation on the order of 1 K between the centers of the cells. Furthermore, no significant variations with the cell size could be derived. Hence in our simulation we consider a constant intensity. Taking into account the variations due to the network would be possible, using the work of Meunier et al. (2007a,b) providing relationships between the magnetic field amplitude, the position in the supergranule cells for various size ranges, and intensity. As this corresponds to the network contribution and since we also model the activity contribution using a completely different modeling (Borgniet et al. 2015) , we do not consider this variation here. The velocities are, however, weighted by the same center-to-limb darkening as for granulation (Claret & Hauschildt 2003) .
The simulation is performed with a time step of 30 s to make the comparison with granulation easier (although a larger time step, typically 250 s, would be enough to contain all the information, given the typical lifetimes) over 12.5 years (length of solar cycle 23) to be consistent with our previous simulation and allows us to analyze the RV time series over the same long timescales.
Times series
An example of the RV variations due to supergranulation is shown in Fig. 14 on two different timescales (50 days and 1 day). Large variations on the order of 1 m/s and 0.3 m/s are observed at these timescales. When using the lower values of the estimated velocity field and taking into account fragmentation and merging as for granules, we obtain a rms RV of 0.28 m/s over our whole time series. The upper limit would correspond to a rms RV of 1.12 m/s. These values are therefore in the same range as the granule rms RV (0.8 m/s). The true value is probably between these extremes. Palle et al. (1995) have fitted a 1.9 m/s rms RV to their data, significantly above our upper limit. However, as pointed out above, the fact that they fix the timescale constrains the amplitude, and therefore this amplitude is not entirely reliable. This value is much higher than our upper limit, and we consider it unlikely that solar supergranule properties allow for such a large rms.
We have tested the impact of the evolution of supergranules, and found very little difference when merging and fragmentation are suppressed; the impact is therefore extremely small compared to our uncertainty on the velocity field. Figure 15 shows the smoothed power spectrum due to supergranulation (minimum value) superimposed on the granulation spectrum. The fit by the function defined in Sect. 3.2.2 gives a timescale of 33 h. The amplitude is smaller than that derived by Palle et al. (1995) , as already derived from the rms RV in Sect. 4.2.
Power spectra
Sampling issues
As we did for granulation, we also studied the variation of the rms RV when smoothing the supergranulation time series. This 200 400 600 800 1000 1200
Time ( is shown in Fig. 16 . The two left columns show supergranulation alone (with our lower and higher limit). We find that smoothing the data over a realistic duration during the night does not decrease the rms RV significantly. Only a smoothing over several nights would allow that, and even a 5-day smoothing still gives a large rms RV (0.17 m/s for the minimum values). The last two columns show the same result when superimposing the granulation and the supergranulation RV time series. With the lower limit of supergranulation the rms are dominated by granulation, while they are strongly affected by supergranulation when using the higher limit.
The strategy in terms of number of observing periods during the night for a given observing time is similar for supergranulation and granulation alone, the rms RV is decreased more efficiently by splitting the available observing time into several periods during the night (the largest number of periods we tested was 5). When superimposing the two components, the best strategy seems to be 4 periods, especially when using the high limit for supergranulation. This strategy does not greatly affect the average over several nights. The rms strongly decreases with an increasing number of nights, reaching 0.15 m/s for 10 nights, with the lower level of supergranulation alone. For 10 nights, when combining the two signals, the rms is between 0.1 and 0.5 m/s, depending on the supergranulation level. The power spectrum for supergranulation (minimum values) is shown with orange diamonds, the activity signal with red triangles, and mesogranulaion derived from supergranulation scaled to the Palle et al. (1995) parameters with blue squares. The green solid line corresponds to the sum of the three contributions (granulation, minimum supergranulation, activity) and the pink solid line is the same, but includes the maximum supergranulation. The green and pink dashed lines include mesogranulation. The black dotted line indicates the level fitted by Palle et al. (1995) . The activity signal is cut above 30 min due to our time step.
Combined time series including granulation, supergranulation, and other contributions
Magnetic activity
It is interesting to add our granulation and supergranulation time series to the RV variations due to magnetic activity as modeled by Borgniet et al. (2015) , since the contribution to the RV signal at large timescales is important, as shown by Lagrange et al. (2010) and Meunier et al. (2010a) . Therefore, we combine the three time series together to study the total impact on the signal. As we know that magnetic activity affects granulation (as observed by the variable convective blueshift over the cycle), the velocity field associated with each granule is also expected to change when the granule is localized in an active region; we also estimate the impact of magnetic activity on the granulation time series themselves.
Approaches
We use a simulation of the RV due to solar activity derived by Borgniet et al. (2015) for the Sun. The contributions are due to spots, plages, and attenuation of convection in plages (Meunier et al. 2010b) ; however, these simulations were performed using a 1-day time step. In this paper we concentrate on small timescales, therefore several modifications have been introduced: a smaller time step is possible (in the present case 30 min), a small growing phase for spots and plages is introduced, the RV are computed directly from the list of structures without computing the spectra, and the RV results from the combination of the contributions from all the structures. This time series is also used to build a corrected granulation time series V cor . The attenuation of the convective blueshift taken into account in the activity simulation corresponds to an attenuation of two-thirds of the granulation signal over a certain A118, page 12 of 19 fraction f of the surface (in plages and network). We therefore reduce the dispersion of the RV granulation time series V described in Sect. 3.2 according to this amplitude and the filling factor at any given time during the cycle:
The resulting corrected granulation time series has a rms RV of 0.79 m/s over the whole time span, which is not significantly different from 0.8 m/s. The impact of convection attenuation, although very important on the global RV signal, is therefore very small on the small-scale dispersion.
We note that this simple computation does not take the rotation modulation into account. We only estimate the mean impact on the granulation RV dispersion due to the fact that a certain fraction of the granules are affected by the presence of magnetic activity. Indeed, we do not associate each granule directly with an active region, therefore the possible variability of the rms depending on the position of the affected granules on the disk is not accounted for. As the average effect is very small, we consider that a more precise computation would not significantly affect the corrected rms RV. Figure 15 shows the power spectra due to activity superimposed on the granulation and supergranulation RV. It shows that the function used to fit the granulation or the supergranulation power is not adapted to the activity RV power spectrum (presence of the rotational modulation, different slope at medium frequencies). The amplitude of supergranulation and activity component is also smaller than that derived by Palle et al. (1995) , while the granulation component is in very good agreement, perhaps because the observations cannot reliably constrain the parameters of activity and supergranulation given the short frequency domains available.
Power spectra
When considering the global power, compared to the observations of Palle et al. (1995) there is a lack of power typically in the range 10 −6 −10 −5 Hz, corresponding to the mesoscale flows, which are not modeled in our work. It is not straightforward to model mesoscale flows as we modeled granulation and supergranulation because the origin is different and cells cannot be defined as precisely. To implement a realistic model of mesoscale flows is therefore outside the scope of the present paper. A simple approach is adopted in the next section.
Mesoscale flows
We can however make a simple estimate of the impact of the presence of such an additionnal component by scaling the supergranulation time series to mesoscale flow properties, both in amplitude and temporal scale. The amplitude is changed to a 1.6 m/s rms (Palle et al. 1995 ) and the temporal scaling to τ = 1e4 s (Harvey 1984) . The results are shown in Fig. 17 . The strategy is not significantly affected, although the rms RV after averaging is even more difficult to reduce. For example, with the lower limit for supergranulation, the rms RV decreases from 1.83 m/s to 1.6 m/s only after a 1-h averaging, and 1 m/s after 10 h.
Impact on planet detectability
Sampling and method
In this section we investigate the impact of the granulation and supergranulation RV on planet detectability in detail. For simplicity, computations are made using a median amplitude for supergranulation, i.e., 2.5 times the lower amplitude (see Sect. 4.1). We complete this analysis by considering the sum of granulation, supergranulation, and mesoscale flows, magnetic activity alone, and the sum of the four components.
We consider the temporal samplings already used by Lagrange et al. (2010) and Meunier et al. (2010a) . We introduce a four-month gap every year to simulate the impossibility of observing a given star all year. Then we consider four samplings: 1 measurement every day (1-day sampling, 2976 points over 12.5 years), every 4 days (4-day sampling, 732 points), every 8 days (8-day sampling, 372 points), or every 20 days (20-day sampling, 148 points). In addition, we also test a random sampling: a given number (20 or 40) of observing nights is considered each year and randomly allocated over eight months, which leads to 240-and 480-point time series covering 12 years.
For each of these samplings, the measurement is computed as follows. We choose one observing duration (30 min, 1 h, or 2 h) and we split it into five observing periods covering the whole night, as this was the best configuration derived in the previous section. The exposure time of each visit is then the total observing duration divided by five. The average over these five visits is then computed. Additionally, for the 8-and 20-day samplings, we also consider the average of similar measurements over 2 nights and 5 nights.
In each case, the new time series RV, hereafter RV stell , is analyzed as follows:
-In Sect. 6.2, we compute periodograms of the RV stell . We compare them to the periodogram of RV pla due to a 1 M Earth planet at different semimajor axes and therefore different periods and for different phases and to the periodogram of RV stell + RV pla . Periodogram are computed using a LombScargle method and the power is in arbitrary units: the powers corresponding to the same sampling can be compared to each other. -In Sect. 6.3, we compute detection limits for the same planet periods. Detection limits are obtained using the LPA method (Meunier et al. 2012) , a local method which takes the power into account in a window [0.75P-1.25P] where P is the considered period. Figure 18 shows an example of periodograms for the granulation and supergranulation RV and the 1-day sampling. In both cases a forest of peaks is present. Some of them can be quite high: see for example the peak just above a period of 100 days in the granulation periodogram. However, if we split each time series into two independant series, although the envelope of the peaks is similar from one series to the other, the exact positions of the largest peaks are completely different. It is therefore important to be careful of this effect when analyzing data as these RV do produce large peaks. We now add a 1 M Earth planet to each series. Six periods are considered in the following: 3 d, 12 d, 50 d, 100 d, 300 d, and 480 d (the last corresponds to a planet at 1.2 AU as in our previous work). With these samplings it is increasingly more difficult to obtain a planet peak well above the granulation or supergranulation power.
Periodograms
We illustrate this with the 8-day sampling as it shows all configurations. Figure 19 (Fig. 20, respectively) shows the periodogram for the granulation (supergranulation) RV stell alone, for the planet RV pla alone (with an arbitrary phase) and for the combined RV stell + RV pla . For the granulation simulation, the planet peak is always distinguishable, although for the largest periods (300 and 480 days) its amplitude is similar to low period peaks in the granulation forest. Conversely, for supergranulation, for which the forest of peaks tends to extend toward larger periods, the planet peak is above the other peaks for periods up to 50 days only, while for the three largest periods the planet peak cannot be distinguished from the supergranulation power at all. Such a level of supergranulation RV should therefore prevent the detection of Earth mass planets in the habitable zone around solar-type stars on this 8-day sampling, even with no magnetic activity because it dominates the signal.
Figures 19 and 20 also show the usual false alarm probability (i.e., the probability that a peak of that amplitude is due to noise; hereafter fap) for each time series (granulation for supergranulation added to the planetary RV), for 1% and 0.1% probabilities. The planet peak is above the fap when the planet period is below 50 days (below 12 days, respectively) for granulation (supergranulation), while it is below the fap for periods above 100 days (50 days). Figure 19 also shows in some cases (at 300 and 480 days) a planetary peak that is well separated from the granulation signal and that can be clearly identified although it is below the fap, showing that the fap is not always a sufficient criterion.
We have shown a few examples of the planet peaks for a given realization and planet phase. Figure 21 illustrates the strong impact of these conditions on the power. We consider six slightly different realizations of the time series for the 8-day sampling and 30 min over 1 night in the case of supergranulation. For each of them we compute the power at the planet period (here 480 days) versus the phase of the planet. When the planet is alone, the peak is extremely stable, as shown by the red curves. However, when added to the supergranulation time series, the amplitude of the power at the planet period varies very strongly with the planet phase. It is also extremely sensitive to the realization. This is also true for supergranulation alone, as the power in the 480-day domain also varies significantly from one realization to the other. We note that all these simulations are made with no instrumental noise. 
Detection limits
We now compute the detection limits for the same planet periods using the LPA method (Sect. 6.1). The peak at the planet period P is compared to the power of peaks around it (in our case within [0.75P-1.25P]) and not to all peaks in the periodogram. We use this method because the usual fap method does not give the same information: it tells us whether a peak has a certain level of significance (if all the signal were white noise), while The planet has a period of 480 days and a mass of 1 M Earth . The power is the maximum for periods within 5% of the planet period. The different curves correspond to six different realizations of the time series for this sampling. The red curves correspond to the planet alone (same realizations). The green horizontal line is the average power for supergranulation alone, while the two orange horizontal lines indicate the minimum and maximum values of the power at 480 days for supergranulation alone (over the six realizations).
we also want to know if a (planet) peak can indeed be distinguished from the rest of the signal (which is not white noise). A selection of these detection limits is shown in Fig. 22 and illustrates the impact of the sampling and averaging strategy. For all our tests and samplings, the granulation-only detection limits (first line in Fig. 22 ) are below 1 M Earth . They can however be close to 1 M Earth in a few cases, which means that when combined with other sources of noise a detection limit above 1 M Earth can very easily be reached, especially for long planet periods. As expected, the detection limit increases as the sampling is degraded from 1 day to 20 days, and decreases when the observing duration increases (over one night or by averaging over several nights).
In case of supergranulation (second line of Fig. 22) , the trends are similar, but there is one main difference: averaging between 30 min and 2 h does not affect the detection limits, which is expected as this is a long timescale signal. However the amplitude is much larger: we obtain detection limits above 1 M Earth for the longest periods. For a period of 480 days for example, even two hours of observations per night averaged over 5 nights (i.e., 10 h of observing time) provide a detection limit around 1 M Earth .
When combining the granulation and supergranulation RV with the mesoscale flows RV (third line in Fig. 22) , the trends are similar, but the detection limits reach the 1 M Earth limit at lower periods, from a few days (for the worse sampling) to ∼40 days (for the best ones).
Finally, the detection limits including magnetic activity (fourth line for magnetic activity alone and fifth line for a combination of the four RV) are shown to illustrate the relative amplitude of the various components (which would be smaller if some corrections were applied). They are much larger because magnetic activity without correction dominates the signal. They are also much less sensitive to the strategy (observating duration, splitting into periods, averaging over several night) and are mostly sensitive to the sampling (with detection limits below 1 M Earth for the 1-day sampling at very small periods only).
We note that at short periods (below 12 days), the detection limit can be below 1 M Earth even when combining all components, but this requires a very good sampling (1 day over a long period).
Finally, we have also studied two random samplings with 240 and 480 points over 12 years. The results are shown in Fig. 22 (first column, yellow and black curves, respectively). They show similar trends. The detection limits are not strictly correlated with the number of points in the series, however, but this is probably related to the uncertainties on the detection limits (the detection limits are computed for only one realization of our time series).
Conclusion
We have developed a simulation of granulation photometric and RV time series covering a full solar cycle based on a collection of granules covering a solar hemisphere. We have extended this simulation to supergranulation and considered the combination of these signals with magnetic activity and mesogranulation. Our approach is complementary to that developed by Cegla et al. (2013) from MHD simulations of granulation, as we simulate long time series based on granulation photometric and velocity properties. We have obtained the following results:
-The photometric rms due to solar granulation is 67 ppm and the rms RV is 0.8 m/s. The rms RV after a temporal smoothing of one hour remains large (0.4 m/s) and is significantly above the noise level of future instruments. -The smoothed power spectra of RV and intensity granulation time series is compatible with the fits made by Harvey (1984) or Palle et al. (1995) ; however, the power spectra before smoothing show many peaks. -Supergranulation, with a rms RV between 0.28 and 1.12 m/s depending on the assumption, has a rms RV comparable to the rms RV induced by granulation, and lower than the signal derived by Palle et al. (1995) . It cannot be averaged out over one night however. After ten nights the signal still has a rms between 0.1 and 0.5 m/s depending on the assumption. -The best observational strategy is usually to spread the given observing time into several periods during the night (up to five have been tested), which is compatible with the results obtained by Dumusque et al. (2011a) . However, the most efficient strategy seems to be dependent on the precise properties of the signal. -The impact of magnetic activity at timescales below 2-3 days is small compared to the other contributions (it is above the other contributions for periods larger than 6 days). Its impact on the rms RV due to granulation is also extremely small. Magnetic activity, therefore, should not significantly affect the detection of planets at very small periods, but must be considered for orbital periods above a few days. We note that pulsations are not taken into account and would also affect the best strategy. -A realistic modeling of mesoscale flows is beyond the scope of this paper as the origin of these flows is not well known. Its contribution is far from being well understood or well observed. A simple estimate shows that it contributes significantly to the RV signal, but that its impact on the observation strategy is not very different from the case with only granulation and supergranulation. After a significant averaging and considering the three components in the best case (granulation, mesogranulation, lower limit for supergranulation), the rms RV after 10 days is still ∼0.5 m/s. -The presence of granulation or supergranulation has a significant impact on detection limits. Although their impact is smaller than the impact of magnetic activity, the detection limits due to granulation or supergranulation alone can easily increase to 1 M Earth in the habitable zone for observations spread over a 12.5-year interval. The main contribution comes from supergranulation. Contrary to magnetic activity for which there are possibilities to correct at least for part of their contribution to RV, it is difficult to correct for the granulation or supergranulation RV given their stochastic nature, as it is not possible to use the photometric signal, for example. One way is to average the signal, and its efficiency is limited due to the intrinsic nature of the signal (unless one observes stars with a lower level of convection, as in later spectral-type stars). Another way might be to use complementary information extracted from the spectra such as the line profiles or cross-correlation function on the spectra like in Cegla et al. (2015) . Such sophisticated approaches would most likely need very high signal-to-noise spectra to be implemented.
